In Drosophila, iron is stored in the endomembrane system of cells inside a protein cavity formed by 24 25 ferritin subunits of two types (Fer1HCH and Fer2LCH) in a 1:1 stoichiometry. Ferritin accumulates in 26 the midgut, nervous system, hemolymph and nephrocytes of Drosophila larvae. Here, we show that 27 mutation of either ferritin gene product or deletion of both genes resulted in a similar set of phenotypes 28 of embryonic lethality, ranging from non-deposition of cuticle to developmental defects associated with 29 germ band retraction, dorsal closure and head involution. Maternal contribution of ferritin, which 30 varied reflecting the mother's iron stores, is used in early development, but zygotic ferritin mutants 31 died with ectopic apoptotic events and disrupted intestinal morphology. The embryonic nervous system 32 of ferritin mutants presented ventral nerve cord disruptions, misguided axonal projections and brain 33 malformations. Finally, ferritin accumulation was also observed in embryonic hemocytes. One ferritin 34 mutant showed no hemocyte ferritin accumulation and this expression was also lost by genetic 35 inhibition of the secretory pathway. Our work suggests that insect ferritin functions in iron storage, 36 intercellular iron transport and protection from oxidative stress at multiple times during the embryonic 37 development of Drosophila melanogaster. 38
INTRODUCTION 39 40
Iron is the most abundant transition metal on earth, commonly found at the active sites of proteins in 41 the form of heme or iron-sulfur clusters or as mono-nuclear and di-nuclear iron (Sheftel et al. 2012) . 42
Because of the high reactivity between iron and oxygen, iron has become a key player in aerobic 43 metabolism but also catalyzes oxidative stress when present in excess. Therefore, iron concentration 44 within subcellular compartments and in extracellular fluids is tightly regulated (Cabantchik 2014 ). The 45 Divalent Metal Transporter 1 (DMT1) is responsible for cellular iron uptake (Gunshin et al. 1997) . 46
Ferritin participates in iron homeostasis as the main iron storage complex in both prokaryotes and 47 eukaryotes (Harrison & Arosio 1996). The major form of ferritin in vertebrate animals is cytosolic and 48 consists of 24 subunits of H and L protein chains that assemble into a cage-like structure that sequesters 49 up to 4,500 atoms of iron in its interior core. The H chain contains a ferroxidase center necessary for 50 iron internalization while the L chain contains acidic groups exposed in the interior surface of 51 holoferritin facilitating iron mineralization (Santambrogio et al. 1993) . Drosophila DMT1 homolog (Folwell et al. 2006 ) was originally isolated as a gustatory mutant named 69 mutant embryos presented either a normal cuticle (~75%) or no cuticle at all (~15%). These phenotypes 101 suggested that ferritin is required multiple times during development, consistent with differential 102 requirements for iron to support the metabolic shifts that occur during development (Tennessen et analyze how maternal ferritin functioned during embryogenesis we followed two strategies: curtailing 111 iron availability in mothers and generating female germ line clones without ferritin. One way of 112 reducing ferritin expression in adults is to add an iron-specific chelator in their diet (Gutierrez et al. 113 2013; Missirlis et al. 2006 ). We hypothesized that reduced overall ferritin levels would result in 114 decreased ferritin maternal contribution and a more severe embryonic phenotype. Homozygous mutant 115 embryos derived from heterozygous adults grown with food containing 200µM Bathophenantrholine 116 Sulfate (BPS) showed a doubling of incidence for the no cuticle phenotype (from ~15% to ~30%; 117 Figure 1 ). Lack of cuticle deposition was likely due to early embryonic death before epidermal 118 differentiation, although we have not excluded a particular requirement for iron in the differentiation of 119 the epidermis, which could provide an alternative explanation for the same phenotypic outcome. Late 120 embryonic phenotypes also became more frequent: U-shaped embryos, indicative of a failure to retract 121 the germ band, augmented from ~2% to ~4%, and embryos failing to complete dorsal closure increased 122 from ~1% to ~4% ( Figure 1F ; BPS columns). At the same time, the percentage of "wild type" cuticles 123
decreased. This evidence shows that the extent of ferritin maternal contribution is at least partially 124 regulated in flies via limited iron availability. We note that the changes in phenotypic classes 125 abundances were consistently similar in to adults did not result in a rescue of the embryonic phenotype of the mutant offspring ( Figure 1F , 127 FAC), even though total levels of ferritin in mothers were increased, showing that maternal ferritin 128 contribution was not sufficient to fully rescue embryogenesis. 129
130
To further explore whether maternal ferritin was partially rescuing zygotic ferritin mutants, especially 131 during early development, we generated homozygous mutant germ line clones for the ferritin genes. 132
Most germ line clones had no cuticle or bore cuticles with defects. The 'no cuticle' phenotype 133 percentage changed spectacularly from ~15% to ~80% ( Figure 1F ). Heterozygous embryos without 134 maternal contribution developed normally into adults (data not shown). We hypothesize that this rescue 135 was due to zygotic ferritin genes being overexpressed as a response to lack of maternal ferritin and that 136 iron in these embryos was delivered to the developing oocyte by other means. 137
138
Central Nervous System (CNS) phenotypes of ferritin mutants 139
140
The majority of zygotic ferritin mutant embryos derived from heterozygous mothers died at the final 141 stages of embryogenesis with an apparently normal cuticle. Therefore, we sought to study internal 142 tissues that might be affected by lack of ferritin. Since ferritin protein in first instar larvae is 143 phenotypes were also present, albeit in fewer embryos, including aberrant condensation of the CNS, 148 twisted CNS, and complete lack of parts of the brain and peripheral nervous system (PNS). 149
Importantly, and consistent with our analysis of the cuticle phenotypes discussed above, these 150 phenotypes were observed with both ferritin alleles and with the 2.2 kb genomic deletion that 151 specifically deletes both Fer1HCH and Fer2LCH (Figure 2 ). We interpret this to mean that, in wild 152 type embryos individual ferritin subunits function in concert to assemble the ferritin complex and do 153 not carry out subunit-specific functions. Fer2LCH subunits) would not be trafficked. Furthermore, we noted that the intestinal morphology of 247 homozygous Fer1HCH G188 was affected ( Figure 7F ). To test further whether ferritin is delivered to 248 hemocytes from other embryonic tissues and whether ferritin trafficking can be observed, we blocked 249 the intracellular secretory pathway by means of a lethal mutation in Sec23, sec23
j13C8 , a P-element 250 is a protein trap line and has been extensively described elsewhere (Missirlis et al. 2007 ). Mvl 97f is an 285 homozygous viable a P(lacW) insertion was obtained from BDSC #5151 (Rodrigues et al. 1995) . 286 Embryos were collected in agar containing plates for 12 hours and incubated for another 36 hours at 317 25°C. Viable first instar larvae were removed from cultures. The cuticles of unhatched (dead) embryos 318 were dechorionated and mounted in Hoyer's medium and incubated for 24 hours at 50°C to digest soft 319 tissues. Resulting cuticles were then viewed and photographed with dark field optics in a compound 320 microscope (Nikon). For X-Gal staining embryos were fixed and stained with X-Gal using standard 321
procedures. Both controls and experimental embryos were incubated in parallel for the same amount of 322 time to allow for direct comparisons. 
